, and it is suggested that they have a common origin in charge interactions within the active site.
The glycolytic enzyme pyruvate kinase (EC 2.7.1.40) exists in several isoenzymic forms. All forms of the enzyme have an obligatory requirement for Mg2+ or Mn2+ and a univalent cation, preferably K+. Allosteric control of the mammalian L-, R-and M2-type enzymes has been well characterized (Seubert & Schoner, 1971; Kayne, 1973; Hall & Cottam, 1978) , and it has been shown by Haeckel et al. (1968) and Hunsley & Suelter (1969b) respectively that the yeast enzymes from Saccharomyces carlsbergensis and Saccharomyces cerevisiae possess similar allosteric properties. All enzymes of the 'allosteric' variety display a sigmoidal relationship between the initial velocity of pyruvate formation and the concentration of phosphoenolpyruvate, are allosterically activated by H+ and fructose 1,6-bisphosphate and are inhibited by ATP (Wieker & Hess, 1971 ; Johannes & Hess, 1973; Fishbein et al., 1975; Hall & Cottam, 1978 Balinsky et al. (1973) suggested that the L-type enzyme from human liver has an ordered mechanism with phosphoenolpyruvate binding before ADP. Again, the yeast enzyme from S. carisbergensis has been investigated by Johannes & Hess (1973) inexperiments where the initial velocity of the catalysed reaction was measured as a function of phosphoenolpyruvate concentration, at pH 7, in the presence of different fixed concentrations of either fructose 1,6-bisphosphate or ATP and constant total concentrations of ADP, Mg'+ and K+ species. The results were examined in terms of the MWC model (Monod et al., 1965) , but it was concluded that the model required'extension by the addition of a hybrid conformational state if the data were to be explained. Finally, Ainsworth et al. (1983) and Gregory et al. (1983) examined the non-hyperbolic kinetics of rabbit muscle pyruvate kinase, interpreting their results by the exponential model. The description that was obtained demonstrated a consistency of behaviour with the equiliVol. 217 brium random-order kinetics displayed by the muscle enzyme under different experimental conditions (Ainsworth & Macfarlane, 1973 (Macfarlane & Ainsworth, 1972) , the data presented below show that each binds non-hyperbolically in the presence of fixed concentrations of the other two. An interpretation of this behaviour is attempted by applying the exponential model for a three-substrate enzyme The application of eqns. (1)- (4) in the present context is strictly empirical, for eqn. (1) depends on the assumption that the catalytic mechanism is equilibrium random order, an assumption that is directly refuted by previous studies of the activated enzyme (Macfarlane & Ainsworth, 1972 ). The exponential model therefore provides only an interim means of examining the allosteric kinetics of pyruvate kinase: in this role it employs constants that can be readily determined and gives them a significance that has descriptive value (Ainsworth, 1977 Hunsley & Suelter (1969a) , determined with slightly different assay conditions, was 299 units/mg. Protein was monitored by using the Bio-Rad Protein Assay kit, and the specific activity was measured as described below.
The preparation was examined by polyacrylamide-gel electrophoresis. The protein migrated as one major staining band that was associated with all the pyruvate kinase activity (Hunsley & Suelter, 1969a) .
Preparation of substrates and enzymes for use Stock solutions of ADP and phosphoenolpyruvate were prepared less than 24 h before use, adjusted to pH 6.2 by addition of tetrapropylammonium hydroxide (10%, w/v), and if necessary stored at 4°C. The ADP was purchased as the monopotassium salt and its contribution of K + to the assay solution was taken into account when the total K+ concentration was adjusted to 100mM with KCl. The purity and concentration of the substrates were determined enzymically and by direct absorption measurements as described by Macfarlane (1973) and Ainsworth & Macfarlane (1973) . Pyruvate kinase was prepared for use by dissolving a small portion of the (NH4)2SO4 suspension in 0.1 M-tetrapropylammonium cacodylate buffer, pH 6.2, at 25O,C to give enzyme concentrations in the range 0. 16-0.04mg/ml. Preliminary experiments showed the enzyme to be stable for at least 2h under these conditions.
Enzyme assays
Reaction mixtures were prepared on the assumption that the true substrates of yeast pyruvate kinase are free Mg2+ and the Mg2+-free species of ADP and phosphoenolpyruvate (Macfarlane & Ainsworth, 1972; Macfarlane et al., 1974) . The apparent dissociation constants for the binding of Mg2+ by ADP and phosphoenolpyruvate have been given by .
Pyruvate kinase activity was measured by using the continuous lactate dehydrogenase coupled assay method (Biicher & Pfleiderer, 1955 The assay was conducted as described above.
Computer analysis of data
The constants of the exponential model were evaluated by the DESCENT program described by Ainsworth et al. (1983) . Refinement of the values was undertaken by the PAPB program (Kinderlerer et al., 1981) , but usually only marginal improvement was obtained. The success or failure of the optimization in both these programs is determined at each stage by change in the product of an absolute and relative error, A x R. A and R are related to the error parameters defined in eqns. (5) and (6) below by the expressions RSS = VA/n and MD% = 100 ,IRIn, where n is the number of observations.
Results
The data points illustrated in Figs. 1, 2 and 3 are mean results obtained from two independent sets of measurements, each conducted in duplicate. The points lie on curves calculated from the constants of the exponential-model fit to v = f(A, B, C), given in Table 1 (Macfarlane & Ainsworth, 1972) . .
Discussion
The general features ofthe allosteric interactions of yeast pyruvate kinase are evident from the values of the three-substrate exponential-model constants given in Table 1 . All the substrates display positive homotropic interactions in their binding behaviour, but, whereas that shown by ADP is not remarkable, that of phosphoenolpyruvate is large and that of Mg2+ larger still. These findings confirm the observations reported by Haeckel et al. (1968) and Hunsley & Suelter (1969b) but contrast markedly with the uniformly negative homotropic interactions displayed by the rabbit 1984 that may be observed in the Figures. A similar outcome has been noted in the analysis of data relating to other enzymes (Ainsworth, 1977) . (Table 1) Haeckel et al. (1968) and Hunsley & Suelter (1969b) cannot be pursued by a detailed comparison because the earlier experiments employed the total concentrations of ADP, phosphoenolpyruvate and Mg2+ as the variables. It has been shown that inhibition occurs when any of these variables in increased (Macfarlane & Ainsworth, 1972; Ainsworth & Phillips, 1976) , and, indeed, evidence of inhibition can be found in the earlier experiments themselves. This effect makes it difficult to interpret the significance of the maximum velocities that were used to construct Hill plots of the velocity data and therefore prejudices further analysis.
The Finally, concerning the three-substrate constants themselves: the similarities in sign of the heterotropic interactions displayed by the rabbit muscle and yeast enzymes suggest that they have a common origin in charge interactions of the substrates within the active site (Ainsworth & Macfarlane, 1973; Ainsworth et al., 1983) . If so, the observation that the yeast enzyme interaction constants are smaller than those of the rabbit enzyme may be due, at least in part, to the lower pH of the yeast experiments, the effect of which would be to decrease the average negative charges carried by ADP and phosphoenolpyruvate (Macfarlane & Ainsworth, 1972) . The negative homotropic interactions of the muscle enzyme were taken to arise from the repulsions that would occur on binding successive molecules of a given substrate with the same charge; supposing this effect still to exist, it is evident that the structural re-arrangements that give rise to the positive homotropic interactions in the yeast enzyme must require rather more energy than is indicated by the values of the constants. These conclusions, though limited by the empirical nature of the model, do show the value of undertaking systematic examination of the kinetics of regulatory enzymes.
